During the course of studies on the relation of nutrition to virulence of Pasteurella pestis, at 37 C and above, it was noted that under certain conditions glucose appeared to have a lethal effect on virulent cultures. This report defines the conditions under which this effect has been observed, and describes concomitant population changes affecting virulence.
During the course of studies on the relation of nutrition to virulence of Pasteurella pestis, at 37 C and above, it was noted that under certain conditions glucose appeared to have a lethal effect on virulent cultures. This report defines the conditions under which this effect has been observed, and describes concomitant population changes affecting virulence.
MATERIALS AND METHODS
The organisms used in the investigation included the following virulent strains: Alexander, Charleston, Kuma, Poona, Saka, Washington and Yokohama. Avirulent strains included A1122, A.16 (obtained from Dr. R. Devignat), AD5, AD5-S, Soemedang, SD5 and Tjiwidej. Three of the avirulent variants, AD5, SD5 and AD5-S. were isolated in our laboratory. Strains AD5 and SD5 were isolated from 37 C cultures of Alexander and Saka, respectively. AD5-S is a streptomycinresistant variant of strain AD5.
The composition of the chemically defined medium is shown in table 1. The medium is based primarily upon the investigations of Hills and Spurr (1952) , Carlin (1957, 1958) and our laboratory. The components of the medium do not represent minimal nutritional requirements. The amino acids and phosphate were dissolved in distilled water, the solutions of salts, vitamins, and hemin added, and the reaction of the solution adjusted to pH 7.4 with N NaOH. Distilled water was added to bring the medium to one half the final volume. This double strength solution was sterilized by passage through an ultrafine sintered glass filter. The hemin solution was made up in 1 per cent ammonia water. Sugars were sterilized separately and added at the time of inoculation at a final concentration of 0.25 per cent.
Inoculum was prepared as follows. The growth from a 24 hr blood agar base (Difco) slant, incubated at 37 C, was suspended in 8 ml of phosphate buffer, 0.066 M, pH 7.4. This suspension was adjusted turbidimetrically so that the desired initial count was obtained upon the addition of 1 ml of the inoculum to the synthetic, liquid medium.
The organisms were grown at 37 C on a shaker operating at approximately 95 strokes per minute. Twenty ml of medium were contained in 250 ml Erlenmeyer flasks. The medium was made up before inoculation by combining solutions of certain components with 10 ml of the basal medium to a total volume of 19 ml. One ml of diluted inoculum brought the medium to full volume. When glucose determinations were conducted, the amount of medium employed was 40 ml per 500 ml flask. An Aminco-Dubnoff shaker incubator was employed in the studies on the effect of temperature. Five ml of medium were contained in a 50 ml flask and sampled by withdrawing 0.1 ml.
Routine sampling for growth response was carried out by determining the viable count by the pour plate method in blood agar base medium containing 0.04 per cent Na2SOs and 0.1 per cent glucose. Plates were incubated at 72 hr at 26 C before counting. The diluting fluid for viability determination was phosphate buffer, pH 7.4 0.066 M.
Virulence titrations were conducted by intraperitoneal injection of 0.2 ml of suspended organisms, appropriately diluted in phosphate buffer, into Swiss-Webster mice (18 to 22 g). The mice were held for 10 days. The LD50 calculations were made by the method of Litchfield and Wilcoxon (1949) . For the determination of the percentage of virulent cells in a culture, a suspension of the organisms was plated out on blood agar base medium, and after incubation, 20 isolated colonies were streaked onto individual slants. The slants were incubated at 37 C for 24 hr. The cells were suspended in phosphate buffer and diluted appropriately so that an arbitrary dose of 10,000 cells was injected into each of five mice. This dosage normally resulted in 100 368 Direct microscopic examination of the cell suspension (Petroff-Hauser counter) proved that the rise in count following inoculation was due to multiplication of the organism during this period, rather than to an apparent increase resulting from the disintegration of cellular clumps present in the inoculum. During the period when the loss in viability was taking place, considerable lysis of cells apparently occurred because microscopic examination revealed a definite reduction in total count correlating with the decline in the number of viable cells (figure 2).
The range in initial count within which the reduction in number could be observed most It was necessary to include glucose in the medium if the typical decline in viability were to occur. The result of incubation of the organism in the synthetic medium with no added energy source, compared with cultures to which varying amounts of glucose were added, is shown in figure 3 . The curve representing the culture containing no glucose did not fall abruptly, but dropped at a much slower rate within the first 30 hr. No correlation between the amount of glucose added and the degree of reduction in viable count was noted. Other experiments showed that when glucose was added with an equal amount of xylose, the number of viable cells decreased to an The reduction in count could also be demonstrated in static cultures, governed by the same temperature relationships. The decline in cell number was usually smaller, and the cultures exhibited greater shifts in pH.
Preliminary attemps to prevent the reduction in count under the described conditions were made. There were indications that a number of inorganic cations could prevent this reduction or limit its extent (table 3) . Mn+ , Mg++, and Fe++ were added at concentrations 10 times the normal amounts present in the medium. Cu+ and Co++ were added at similarly high concentrations. In the one experiment illustrated, Mn+ and Mg+ were effective in preventing the reduction in count. Fe++ was inhibitory at the concentration used, while Cu+ and Co++ had no effect. No attempt was made to determine what effect other concentrations would have, except Mn+ , in which case lower amounts were not as effective as the 0.2 mm. In other experiments, Mn+ did not completely eliminate the reduction in viable count, but reduced the magnitude of the drop to one-half or less. This protective effect of Mn+ on viability also benefited retention of virulence.
A comparison of growth curves of virulent cultures with those of avirulent strains showed that the latter were able to grow immediately and more rapidly under the defined conditions while the virulent organisms, with two exceptions (Kuma and Yokohama strains), were not. This implied that the organisms which grew following the reduction in count were mainly avirulent cells. This was in consonance with the observa- (Higuchi and Carlin, 1957) it is possible that a response was obtained similar to that with glucose, but of a lesser degree. Additional experiments were carried out to magnify the loss of virulence with glucose by carrying the organism through several serial transfers. A comparison of the effect of cultivation in the presence of glucose, galactose, xylose or mannose was made with strain Alexander as the test organism. The organism was grown, with shaking, at 37 C, in the synthetic medium to which was added 0.25 per cent of the appropriate sugar. Virulence titrations were carried out when the cells were approaching the end of the logarithmic phase of growth, and a transfer of the culture to fresh media was made at this time. Since loss of virulence in strains of P. pestis grown in shaken cultures at 37 C in deacidified casein partial hydrolyzate or heart infusion broth (Difco) had been shown to be dependent upon the number of generations produced (Fukui et al., 1957) , it was important to compare cultures of essentially the same physiological age, even though the actual ages of the cultures differed. 
DISCUSSION
The reduction in viable count upon culturing P. pestis at 37 C with glucose in the medium did not appear to be the result of the inability of the organism to attack glucose. If the failure of virulent strains to utilize glucose under these conditions were the explanation, it would be expected that the reduction in viable count in the absence of any added energy source would parallel that occurring with glucose. Since the decrease in viability was considerably less rapid when no energy source was added, the evidence favors the hypothesis that a toxic condition existed which caused the cells to die and lyse. Similar evidence and interpretation were afforded by the fact that incubation in the presence of both glucose and xylose produced a growth curve similar to that obtained with glucose alone.
The literature records instances of the depression of bacterial growth by the inclusion of glucose in the medium. Glucose has usually been shown to exert its effect by interfering with amino acid metabolism (Kligler and Grossowicz, 1941; Kligler et al., 1943; Shaposhnikov and Tauson, 1948; Forbes and Sevag, 1951) . Jordan (1952) believed the inhibition of growth of Pasteurella septica, when cultured with glucose in the medium, was due to the accumulation of inhibitory amounts of H202. The possibility of such a mechanism involving P. pestis in the present case should be considered since Herbert (1949) suggested that H202 produced by this organism might accumulate under certain aerobic conditions, thus inhibiting growth. The case discussed in the present paper would appear todiffer from others reported in that it is closely controlled by temperature and that the effect is selective for most virulent strains of P. pestis.
SUMMARY
Five virulent strains of Pasteurella pestis cultivated at 37 C in a chemically defined medium containing glucose as the energy source, underwent a reduction in viable count, then recovered and grew in a logarithmic manner. Two glycerolfermenting virulent strains and seven avirulent strains produced normal growth curves. The reduction in count appeared to be caused by death and lysis of the cells. It was not apparent when other energy sources were used, and did not occur at temperatures below 37 C. The addition of relatively large amounts of Mn+ or Mg+-+ to the medium prevented or reduced the fall in viable count.
When the organisms which grew after the culture had undergone a reduction in count were titrated for virulence at various stages of growth, they were found to become progressively less virulent, except when the initial pH was above 7.8. Cultures of the Alexander strain lostvirulence for mice rapidly upon serial transfer in a synthetic medium containing glucose, but showed a markedly smaller shift in virulence if the energy source was xylose, galactose, or mannose. 
